We have studied the chemical interaction of heavy metal ions such as Hg(II), Hg(I), Pb(II), and Cd(II) of various concentrations with naked and protected silver nanoparticles (Ag@citrate and Ag@MSA, respectively, where MSA is mercaptosuccinic acid). The particles were of 30 and 8 nm diameter, respectively. We observed that the metal ions interact with both the core of the nanoparticles and the functional groups of the capping agents. We study the effects of interaction using spectroscopic and microscopic techniques such as ultraviolet-visible spectroscopy (UV-vis), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), dynamic light scattering (DLS), and in detail by X-ray photoelectron spectroscopy (XPS). The Hg(II) and Hg(I) ions were reduced to metallic mercury by both of the nanoparticles, because of the feasibility of the redox reaction, whereas no reduction was observed for Cd(II) and Pb(II). The reduction of Hg(I) and Hg(II) ions was due to electrons supplied by the core silver atoms of the nanoparticles, at lower metal ion concentrations. At higher concentrations, the metal ions were chemically bonded to the carboxylate groups of the citrate and MSA. These heavy metal ions form stable sulfides. The presence of different sulfur species, such as oxidized sulfur, disulfides, and metal sulfides, was confirmed by XPS.
Introduction
Heavy metal contamination of groundwater resources is one of the major threats facing mankind. The release of mercury into water caused devastating public health hazards such as the Minamata 1-3 disease. Solvated mercuric ion is stable and is carcinogenic with high cellular toxicity. 4 The United States Environmental Protection Agency has set a maximum limit of 2 ppb for mercuric ion in drinking water. 5 Mercury contamination has been reported in several parts of the world including Asian countries (India, China, Japan, Kazakhstan, Korea Democratic Republic, Israel, etc.), 6a Canada, USA, Germany, Great Britain, Australia, and so forth. 6b Major industrial segments which cause such release are pharmaceuticals, paper industries, chemical manufacturing, coal burning, gold-silver mining, mercury mining, biomass burning, and natural events such as volcanic eruptions, forest fires, and so forth. 7 An affordable solution for mercury decontamination is still not available. Nanomaterial-based adsorbents for Hg(II) uptake are indeed a worthwhile possibility. Gold nanoparticles loaded on alumina (Al 2 O 3 ) have been shown to remove Hg(II) after its reduction to Hg(0), followed by amalgamation. 8 An uptake capacity of 4.065 g per 1 g of gold nanoparticle has been demonstrated. However, the uptake was significantly reduced when Hg(II) was used directly. Several other remedial measures including nano zerovalent iron (nzvi) has been proposed. 9 Gold nanorod-based determination of Hg(II) in water has been reported up to parts per trillion. 10 Noble metal nanoparticles have emerged as potential materials for water purification in the recent past. 11 Catalytic decomposition of halogenated pesticides, 12 efficient uptake of several molecules, antibacterial properties, 13 absence of toxicity to humans, excellent stabilization on inert substrates such as alumina,and aqueous synthetic routes for large-scale production with minimal environmental impact are all important benefits for these systems. From these perspectives, noble metal nanoparticle-based adsorbent systems are practical solutions for drinking water purification. 14 Although several studies have investigated gold from the perspective of heavy metal remediation, investigations to such depth have not happened with silver. In this report, we study the interaction of several toxic metal ions on two distinct silver nanoparticle systems, namely, Ag@citrate and Ag@MSA (MSA ) mercaptosuccinic acid). While the former nanoparticle system is a charge-stabilized colloid of large polydispersity, the latter is more monodispersed with reduced particle size. We investigate the nature of interaction between the metal ions and the nanoparticles. The roles of metal nanoparticle core and monolayer of the capping agent in the metal ion removal are investigated in detail. Distinctly different chemical species have been identified on the surfaces. Both of these nanoparticles can be stabilized on suitable inert substrates and can be used for applications.
Experimental Section
Materials. Silver nitrate (CDH, India), trisodium citrate (TSC, Qualigens), MSA, methanol (SRL Chemical Co. Ltd., India), sodium borohydride (Sigma Aldrich), mercuric acetate (Ranbaxy), mercurous nitrate (Ranbaxy), lead acetate (Rankem), and cadmium acetate (Merck) were purchased from various laboratories (mentioned in brackets) and used as such without further purification.
Synthesis of Ag@citrate Nanoparticles. The Ag@citrate nanoparticles were prepared according to the reported protocol. 15 In this method, to a boiling 500 mL silver nitrate (1 mM) * To whom correspondence should be addressed. E-mail: pradeep@iitm.ac.in.
solution, 20 mL of 1 wt % TSC was added, and heating was continued further for few minutes. The solution turned light yellow in color, indicating the formation of nanoparticles. The suspension was cooled in an ice bath to allow the growth of nanoparticles. Later, the solution was centrifuged, and the precipitate was washed with distilled water to remove excess citrate. Finally, the same volume of distilled water was added to the wet nanoparticles, which were used for the treatment of metal ions.
Synthesis of Ag@MSA Nanoparticles. Ag@MSA nanoparticles were prepared as per the published literature. 16 About 448.9 mg of MSA was dissolved in 100 mL of methanol with stirring, under ice-cold conditions. To this, AgNO 3 solution (85 mg of AgNO 3 in 1.7 mL of distilled water) was added. Then 25 mL of 0.2 M sodium borohydride solution was added dropwise, and stirring was continued for one hour. The precipitate of nanoparticles was centrifuged and washed several times with methanol to remove excess sodium borohydride and MSA. Finally, the solvent methanol was evaporated with a rotavapor to get nanoparticles in the solid state. These nanoparticles are dispersible in water, because the carboxylic acid groups of the nanoparticles are hydrogen bonded with water. [17] [18] [19] To treat silver nanoparticles with metal ions, we made 50 mL of Ag@citrate nanoparticles containing the required concentration of metal ions (e.g., for 50 mL of 100 ppm Hg(II) solution, we mixed 25 mL of 200 ppm Hg(II) solution and 25 mL of Ag@citrate nanoparticles). Different concentrations such as 10, 50, and 100 ppm were used. The quantity of Ag@citrate was maintained constant (25 mL) in all of the reactions. In the Ag@MSA case, up to 50 mL of a particular concentration metal ion and 8 mg of Ag@MSA nanoparticles were added. All of the reactions were performed for 24 h, at room temperature. Subsequently, the solutions were subjected to analyses.
Ag metallic particles were made by the NaBH 4 reduction of AgNO 3 . Typically to a 25 mL, 0.2 M solution of AgNO 3 , 25 mL of 0.2 M NaBH 4 was added and stirred vigorously to get a black powder of Ag. This was washed and used for uptake experiments.
Instrumentation. UV-vis spectra were measured with a PerkinElmer Lambda 25 instrument in the range of 200 to 1100 nm. The Fourier transform infrared (FTIR) spectra were measured with a PerkinElmer Spectrum One instrument. KBr crystals were used as the matrix for preparing the samples. Highresolution transmission electron microscopy (HRTEM) of the samples was carried out using a JEOL 3010 instrument with a UHR pole piece. TEM specimens were prepared by drop-casting one or two drops of aqueous solution to carbon-coated copper grids and allowed to dry at room temperature overnight. All measurements were done at 200 kV to minimize the damage of the sample. Scanning electron microscopy (SEM) images and energy dispersive analysis of X-rays (EDAX) studies were done using a FEI QUANTA-200 SEM. For SEM measurements, samples were drop-casted on an indium tin oxide (ITO) coated conducting glass and dried. X-ray diffraction (XRD) data were collected with a Shimadzu XD-D1 diffractometer using Cu KR radiation (λ ) 1.54 Å) radiation. The samples were scanned in the 2θ range of 10 to 90°. All of the peaks were assigned and compared with the database published by the Joint Committee on Powder Diffraction Standards (JCPDS). Dynamic light scattering (DLS) and potential measurements were performed with Zetasizer 3000HSA (Malvern Instruments, UK).
X-ray photoelectron spectroscopy (XPS) measurements were conducted using an Omicron ESCA Probe spectrometer with unmonochromatized Mg KR X-rays (energy ) 1253.6 eV). The X-ray power applied was 300 W. The pass energy was 50 eV for survey scans and 20 eV for specific regions. Sample solution was spotted on a molybdenum sample plate and dried in vacuum. Spectra in the required binding energy range were collected, and an average was taken. Each spectrum was scanned eight times (except survey scan, which was scanned only once). While taking the spectra, the scan step per second was maintained the same for all of the narrow scans. Beam-induced damage of the sample was reduced by adjusting the X-ray flux. The base pressure of the instrument was 5.0 × 10 -10 mB. The binding energy was calibrated with respect to the adventious C 1s feature at 285.0 eV. Most of the spectra were deconvoluted to their component peaks, using the software CASA-XPS. We arrived at the best possible fits assuming full width at halfmaximum (fwhm) to be the same for all of the components of the given peaks, area ratios of the components to be constant (for the p orbital 2:1, the d orbital 1.5:1, and the f orbital 1.33: 1), and spin-orbit splitting to be the same (Hg 4f, 4.0 eV; Ag 3d, 6.0 eV; S 2p, 1.2 eV; Cd 3d, 6.7 eV; Pb 4f, 4.8 eV).
Results and Discussion
Characterization of Nanoparticles. As we 12, 13 and others [17] [18] [19] have studied Ag@citrate and Ag@MSA nanoparticles in significant detail before, we provide only essential aspects here. The Ag@citrate and Ag@MSA nanoparticles showed UV-vis absorption peaks at 411 and 391 nm, respectively, as shown in Figure S1 (Supporting Information, SI). These peaks are due to surface plasmon resonance of metallic silver nanoparticles. The TEM images of Ag@citrate and Ag@MSA nanoparticles are shown as insets in Figure S1 . The sizes of Ag@citrate and Ag@MSA nanoparticles were 15-40 and 5-10 nm, respectively. The particles show high polydispersity, characteristic of silver particles. The IR spectra of Ag@citrate and Ag@MSA nanoparticles are shown in Figure S2A (SI). Ag@citrate showed an IR peak at 3432 cm -1 which may be due to O-H stretching of citrate. The other prominent peak at 1597 cm -1 may be due to asymmetric stretching of -COO -. The peaks at 2918 and 2856 cm -1 are assigned to the -CH 2 -stretching vibrations. A strong peak at 1384 cm -1 is due to the -CH 2 -scissoring mode. The peaks at 1061 cm -1 (C-C stretching), 1162 cm -1 (out of phase (CCO) alcohol stretching), and 669 cm -1 (-COO -bending mode) can be assigned to the various molecular modes. 20, 21 In the IR spectrum of Ag@MSA nanoparticles, the absence of a peak around 2548 cm -1 indicates that the capping of the nanoparticles occurred through the sulfur atom, losing the thiolate hydrogen. 22 A peak at 3412 cm -1 is due to O-H stretching from bound water. 18 The peaks at 2923 and 2851 cm
can be attributed to -CH 2 -stretching. The peaks at 1634 and 1572 cm -1 are due to asymmetric stretching of -COO -, and the peak at 1398 cm -1 is due to symmetric stretching of -COO -. The 1385 cm -1 peak is due to the -CH 2 -scissoring mode. The peak at 1060 cm -1 is assigned to the C-C stretching mode, and that at 663 cm -1 is due to the -COO -bending mode. The XRD spectra of Ag@citrate and Ag@MSA nanoparticles showed characteristic diffractions from (111), (200), (220), (311), and (222) planes as shown in Figure S2B (SI). All of the peaks are indexed and compared with the JCPDS data file (4-783) indicating the presence of metallic silver in a fcc lattice. From the TEM image of single Ag@citrate and Ag@MSA nanoparticles, the lattice parameter observed was 0.234 nm, which may be indexed to the (111) crystal facet of fcc silver. 23, 24 In Ag@citrate nanoparticles the XRD peaks were sharp, whereas in the Ag@MSA nanoparticles, XRD peaks were broad and less intense, because of their small size.
The XPS survey spectra of Ag@citrate and Ag@MSA nanoparticles are shown in Figure S3 (SI), and the specific regions are expanded in Figure 1 . The C 1s binding energies at 288.1 (( 0.2), 289.3 (( 0.2), and 290.7 (( 0.2) eV in both nanoparticles suggest the presence of carboxylate groups.
25,26
These three positions indicate the presence of carboxylate groups in three different chemical environments such as in intra-and intermolecular hydrogen bonded states 17 and bonding to Ag atoms. 26 The peak at 529.5 (( 0.3) eV in Figure 1B corresponds to oxides of silver; 25 530.6 (( 0.3) eV may be due to the hydroxyl group of the citrate, 532.0 (( 0.3) eV is assigned to carboxylate oxygens attached to silver, and 533.0 (( 0.3) eV is assigned to adsorbed water molecules. 21 The Ag 3d 5/2 peaks at 368.2 and 368.1 eV, in Figure 1C (traces a and b), correspond to metallic silver (Ag(0)), which matches with the literature. 27, 28 Another weak peak of Ag 3d 5/2 at 369.5 eV in both Ag@citrate and Ag@MSA may be due to the bonding between silver and the stabilizing agent. 28, 29 The presence of S 2p 3/2 at 162.0 eV in Figure 1D suggests that the capping agent is chemically bonded to silver nanoparticles in the form of thiolates. 30 The S 2p 3/2 state at 163.6 eV due to the X-ray beam induced damage of thiolates. It is clear from the spectra that X-ray induced damage of the thiolate is insignificant here, as it would have otherwise produced sulfate and sulfite features at higher binding energies.
31
Treatment of Ag@citrate Nanoparticles with Hg(II). The UV-vis spectra of the nanoparticles upon reaction with Hg(II) solutions showed broad peaks which shifted to higher wavelength, although without any systematic trend, as shown in Figure S4 (SI). The solutions of 0.05, 0.1, 10, 50, and 100 ppm showed the UV-vis peaks at 422, 422, 466, 451, and 451 nm, respectively. This indicates that, after reacting with mercuric ions, agglomeration of nanoparticles occurred. 32 This is supported by DLS measurements (see below). The IR spectra of the reaction mixtures (after drying to powder) showed a shift in the carboxylate peak, as shown in Figure S5 . The shifts of carboxylate peaks in the Ag@citrate nanoparticle environment is much smaller than in bulk Hg-citrate. The IR spectrum of Hg-citrate is shown in Figure S6 (SI). The strong peaks at 1570 and 1347 cm -1 are due to the carboxylate ion as mentioned before. The intensity of the 1631 cm -1 feature is less, which is due to O-H bending. The peak at 1597 cm -1 in Ag@citrate got shifted to 1587, 1580, and 1582 cm -1 in 10, 50, and 100 ppm residues, respectively ( Figure S5 ). These systematic shifts may be due to the increasing interaction between mercuric ions and carboxylate groups of the protecting agent. The 1630 cm -1 peak does not show any shift in all of the samples. The 1384 cm -1 feature was decreasing with an increase in concentration and is completely absent in mercuric citrate. All of the remaining features of citrate were present, which indicated that citrate protection was still present on the nanoparticle.
The SEM image of Ag@citrate treated with 100 ppm solution is shown in Figure S7A (SI). The nanoparticles are aggregated after the treatment. An EDAX spectrum of Ag@citrate ( Figure  S7B , SI) suggests the presence of all of the possible elements in the reaction mixture, including mercury. Bulk silver did not show Hg(II) uptake, which was confirmed by column studies. The uptake of mercury by silver nanoparticles is confirmed by the elemental maps shown in Figure 2 . In the solid state, particles appear as aggregates, as expected. The TEM images of nanoparticles treated with 0.1, 10, and 100 ppm Hg(II) solutions are shown in Figure 2 , and their elemental maps and EDAX spectra are shown in Figures S8 and S9 (SI) , respectively. In general, the particle size decreases with the extended reaction, as seen from the images. This suggests core etching, and it does not happen at low concentrations, where the particles appear similar to the parent Ag@citrate. At 0.1 ppm, almost no mercury uptake was observed ( Figure S8 , SI) as evidenced by the EDAX spectrum ( Figure S9, SI) . This is in agreement with the TEM data. The aggregation of nanoparticles because of the interaction between the nanoparticles and the Hg(II) ions is further confirmed by DLS measurements. The average hydrodynamic diameters observed were 22.8, 38.8, 97.6, and 54.3 nm in pristine Ag@citrate and 0.1, 10, and 100 ppm solutions, respectively, as shown in Figure S10 (SI). A systematic increase in the size and size distribution is seen, although the average size of the 100 ppm sample is lower than that of 50 ppm sample. Thus, although the particles appear smaller in TEM, they exist as aggregates in solution. The potentials of Ag@citrate and 0.1, 10, and 100 ppm solutions were measured to be -26.7 ( 2.6, -26.9 ( 4.5, -52.7 ( 9.4, and -32.9 ( 3.2 mV, respectively. The potential data also support the other observations. In effect, the parent and 0.1 ppm samples are similar in size and charge, but the higher concentration samples are aggregated in solution. Although they have undergone an extensive reaction as seen in TEM, the particles are still negatively charged, indicating the presence of the carboxylate protection.
The XPS spectrum of Hg-citrate is shown in Figure S11 (SI). The presence of carbon, mercury, and oxygen is seen in surveying the spectrum in Figure S11A (SI). In Figure S11B (SI) the peak at 101.7 (( 0.4) eV corresponds to Hg(II) bonded to carboxylate groups. A peak at 533.1 eV corresponds to carboxylate oxygen bonded to Hg(II) (Figure S11C , SI). The C 1s at 288.5 eV is due to carboxylate carbon ( Figure S11D, SI) . XPS data of the reaction residues are shown in Figure 3 . In the 10 ppm reaction, the Hg 4f 7/2 peak ( Figure 3A ) was observed at 100.2 eV, which is the characteristic binding energy of mercury in the metallic state. 33 This reduction may be due to the electrons donated by the core atoms of the silver nanoparticles. Along with the Hg(0) peak, another peak at 101.4 eV was also observed. This may be due to an intermediate oxidation state: Hg(I) or due to adsorbed Hg(II). It may also be due to the coordination of Hg(II) with the carboxylate groups of the citrate ions as in the case of Hg(II)citrate. 32 The XPS peaks, Hg 4f of Hg(I) and Hg(II), are close, and therefore, it is unable to differentiate between the two. 33 Similarly, in the 50 and 100 ppm Hg(II) solutions, also, the peak at 101.4 eV was observed prominently, but the metallic state was not seen. This may be due to the large concentration of Hg(II) ions in the solution. Adsorption or reduction to Hg(I) or complexation 32 is dominant instead of reduction to Hg(0) in such a case. The Ag 3d 5/2 peak was seen at 368.2 eV in all three cases, indicating that most parts of the silver nanoparticles are still present in the metallic state ( Figure 3B ). The presence of another peak in all three cases at 369.5 eV is due to silver atoms bonding with the carboxylate groups of citrate. 28 This indicates the presence of protected citrate, even after treatment with mercuric ions. The oxidation of silver was also observed. The Ag 3d 5/2 around 367.5 (( 0.2) eV is due to oxides of silver. The separation of the oxide peak from the metallic peak is only 0.5 eV, and a clear resolution is difficult. 25 In all cases, this oxidation was observed, which is confirmed by O 1s spectra. This may be due to unavoidable oxidation of Ag(0) to Ag 2 O. 25 It is difficult to differentiate whether it is due to the loss of electrons used for the reduction of mercuric ions or due to aerial oxidation. The peak of O 1s at 530.1 (( 0.3) eV in Figure 3C is due to oxide. A peak at 531.0 eV may be due to hydroxyl group, and that at 532.6 (( 0.3) eV is due to the oxygens of carboxylate groups bound to metal ions. 21 The presence of C 1s peaks at 286.5 (( 0.2), 288.4 (( 0.2), and 290.7 (( 0.2) eV indicate the presence of carboxylate groups in different chemical environments ( Figure 3D ). Combining the FTIR and XPS data, we can see a systematic increase in the extent of interaction between the monolayers and Hg(II) with an increase in the concentration of the latter.
Treatment of Ag@MSA Nanoparticles with Hg(II). Ag@MSA in 10, 50, and 100 ppm solutions showed absorption at 402, 425, and 420 nm, respectively (Figure S12, SI). These red-shifted values from Ag@MSA absorption (391 nm) correspond to the aggregation of nanoparticles. The IR spectra of the reaction products are shown in Figure S13 (SI). The IR band at 1574 cm -1 in Ag@MSA was shifted to 1580 cm -1 , in all three reaction mixtures (10, 50, and 100 ppm), which is due to the asymmetric stretching of the -COO -group. The similarity of the peak position in all of the samples indicates that the extent of interaction with the carboxyl functionality is essentially the same. The intensity of 1632 cm -1 peak decreases, whereas the 1580 cm -1 peak increases with an increase in concentration. The remaining features of MSA were similar to Ag@MSA particles, indicating that MSA is still bonded to nanoparticles. The SEM image of 100 ppm solution is shown in Figure S14A (SI), in which aggregated nanoparticles are seen. The EDAX spectrum showed the presence of mercury, silver, and sulfur as the main elements in the sample, as shown in Figure S14B (SI). The elemental mapping of nanoparticles is shown in Figure 4 , in which the uptake of mercury was confirmed.
The XPS spectra of the reaction products are shown in Figure  5 . In 10 and 50 ppm solutions, the Hg 4f 7/2 peak was seen at 99.9 (( 0.3) eV, which shows the binding energy corresponding to metallic mercury ( Figure 5A) . 35 This may be due to the reduction of mercuric ions, in which electrons were supplied by the core atoms of the silver nanoparticles. But, this reduction was gradually decreasing with an increase in mercuric ion concentration. Along with the metallic peak, other peaks were also observed. In all three cases (10, 50, and 100 ppm solutions), a prominent peak was seen at 101.3 eV. It may be due to the adsorption of Hg(II) or an intermediate Hg(I) state. The metallic peak was not seen in the 100 ppm case. In 100 ppm solution, the peak at 102.8 eV may be due to the formation of sulfides with mercuric ions. These sulfides may be disulfides, because in the monosulfide like HgS, the Hg 4f 7/2 peak is expected at 101.0 eV. 36 For the disulfide, mercury should bind to two electronegative sulfur atoms. This is supported by the S 2p 3/2 peak ( Figure 5B ). This sulfide formation may be due to the high affinity of heavy metal ions such as Hg, Pb, and Cd toward sulfur. The Hg 4f 7/2 at 103.1 eV in 50 ppm and 104 eV in 100 ppm are due to the coordination 37 of mercuric ions with carboxylic groups of MSA. This aspect will be discussed later.
The S 2p 3/2 peaks at 162.2 eV in all three cases indicate that the protecting agent was still chemically bonded to the silver nanoparticle surface (thiolates). 30 In 10 and 50 ppm cases, the whole of the protecting agent is bonded to the nanoparticle surface, whereas in the 100 ppm case, one more peak of S 2p 3/2 occurred at 164.7 eV, suggesting that a change happened in the monolayer of the capping agent. This may be due to the formation of sulfides (disulfides). 36a The formation of disulfides may be due to the mild oxidants or X-ray induced damage. In all three reaction residues, the Ag 3d 5/2 peaks were seen at 368.2 eV, indicating the presence of silver in the metallic state ( Figure 5C ). A broad region of Ag 3d 5/2 around 367.5 (( 0.3) eV corresponds to oxidized silver (Ag 2 O and AgOH). 27, 34 But the additional peaks at 370.5 and 371.6 eV can only be seen when the Ag(I) ions combine with electronegative groups like carboxylates. This indicates that silver ions from AgOH or Ag 2 O may be interacting with MSA to yield these peaks. The peak at 369.5 eV may be due to the presence of bonded silver atoms to the protecting agent. 28, 29 This coordination is reflected in the high binding energy regions of C 1s and O 1s also. The peaks at 288.3, 289.6, and 291.5 eV are due to carboxylate groups in different chemical environments ( Figure 5D ). The O 1s at 532.4 eV may be due to oxygens of carboxylate groups linked to the metal ions ( Figure S15, SI) . 21 The O 1s at 530.3 eV may be due to oxides of silver, and the peak at 531.3 eV may be due to hydroxides of silver.
Treatment of Ag@citrate Nanoparticles with Hg(I). For the interaction of Hg 2 (NO 3 ) 2 with both Ag@citrate and Ag@MSA nanoparticles, the observations were similar. Because of the low solubility of Hg 2 (NO 3 ) 2 , we chose 10, 30, and 50 ppm concentrations. After treating Ag@citrate nanoparticles with Hg(I) ions, the plasmon band of silver nanoparticles got redshifted, due to aggregation, as shown in Figure S16A (SI). The IR spectra of the reaction residues exhibit similar features as that of Ag@citrate-Hg(II), as shown in Figure S16B (SI). A peak at 1595 cm -1 in Ag@citrate nanoparticle got shifted to 1585 cm -1 in all three cases (10, 30, and 50 ppm Hg(I)), which may be due to metal-ion interaction with carboxylate groups of citrate. The SEM images were taken for the 50 ppm product in which nanoparticles were aggregated, as shown in Figure  S17A (SI). The EDAX spectrum is also shown in Figure S17 (SI). The elemental mapping of nanoparticles is shown in Figure  6 , and the uptake of Hg(I) was confirmed.
The XPS data of the reactions of 10, 30, and 50 ppm are shown in Figure 7 . The reduction of Hg(I) to Hg(0) with Ag@citrate nanoparticles was confirmed by the presence of a Hg 4f 7/2 peak at 100.4 eV (Figure 7A ), in all three cases (10, 30, and 50 ppm). Along with the metallic peak, in 10 and 30 ppm solutions, a peak of Hg 4f 7/2 at 101.7 eV and in 50 ppm case a peak at 102.7 eV were also observed. These may be due to the adsorption of Hg(I) ions or may be due to interaction with carboxylate groups of the citrate. 32 The peak of Ag 3d 5/2 was seen at 368.2 eV, which is due to metallic silver ( Figure  7B ), and 369.3 eV is due to silver atoms bonded to the protecting agent, in all three cases. 28, 29 The O 1s at 530.1 eV may be due to silver oxide, 25 531.3 eV to the hydroxyl group in citrate, and 532.8 eV to oxygens of carboxylates bonded 21 to metal ions ( Figure 7C ). The presence of carboxylate groups in different chemical environments was confirmed by the peaks at 288.5 and 290.1 eV ( Figure 7D) .
Treatment of Ag@MSA Nanoparticles with Hg(I). We have studied the interaction of Ag@MSA nanoparticles with Figure S19A (SI), in which the aggregation of nanoparticles was observed. EDAX data are also shown in Figure S19 (SI). Aggregation is reflected in the UV-vis data, where the silver plasmon band was shifted to a higher wavelength. The elemental mapping of nanoparticles is shown in Figure 8 , which confirms the uptake of mercury.
XPS data of Ag@MSA-Hg(I) reaction products are shown in Figure 9 . Hg(I) was reduced to metallic Hg at the core of the nanoparticle, followed by adsorption of Hg(I), along with interaction with the protecting agent ( Figure 9A ). The fraction of Hg(I) getting reduced decreases with the increase in Hg(I) concentration. A metallic mercury peak was seen at 100.2 eV. 33 A peak at 102.5 (( 0.3) eV may be due to the interaction of Hg(I) with carboxylate groups of MSA. The peak of S 2p 3/2 was observed at 162.5 (( 0.2) eV ( Figure 9B ), indicating that the monolayer of the protecting agent on silver nanoparticles was undisturbed. 30 Still, the protecting agent is chemically bonded to the nanoparticle surface through sulfur. Ag 3d 5/2 at 368.2 eV indicates the presence of silver in the metallic state ( Figure 9C) . A peak Ag 3d 5/2 at 369.4 eV may be due to silver atoms bonded to the protecting agent. 28, 29 The presence of 286.3 (( 0.2) and 288.4 (( 0.3) eV peaks confirms the presence of carboxylate groups in different chemical environments ( Figure  9D ).The O 1s spectra of the above reaction residues are shown in Figure S20 (SI). The peak of O 1s at 530.9 (( 0.3) eV corresponds to oxide, 25 and that at 533.6 (( 0.3) eV corresponds to carboxylate oxygens bonded to metal ions.
Treatment of Ag@citrate and Ag@MSA Nanoparticles with Pb(II) and Cd(II). Interaction of cadmium acetate and lead acetate with both Ag@citrate and Ag@MSA nanoparticles were studied similarly. The UV-vis, IR, and SEM data of these reaction mixtures are shown in Figures S21-S28 (SI). After treating both nanoparticles with Cd(II) and Pb(II) ions, the aggregation of the nanoparticles was noticed in SEM images, which was also supported by the red shift in the absorption bands. The interaction of Cd(II) and Pb(II) ions with carboxylate groups of the capping agents (citrate and MSA) is supported by the shift of carboxylate groups in the IR spectra (SI). XPS data alone are shown here. These metal ions were not undergoing reduction. The reason could be the more negative reduction potential of lead and cadmium than silver.
9 But, they were showing adsorption and chemical interactions with the protecting agent on the nanoparticle surface. After adsorption, they are converted to oxides in the case of Ag@citrate and sulfides 38 in the case of Ag@MSA. These conversions were investigated by XPS. The XPS peaks at a higher binding energy region than the metallic state indicates the interaction between the metal ions and the carboxylate groups of MSA and citrate.
In an Ag@citrate-Cd(II) interaction, similar observations are made in all three concentrations. Cd 3d 5/2 at 405.6 (( 0.4) eV corresponds to CdO, 39 and that at 407.4 eV is due to interaction with carboxylate groups of citrate ( Figure 10A ). The presence of metallic silver 27, 28 (368.2 eV) and silver bonded to the protecting agent 28, 29 (369.3 eV) are all seen in Figure 10B . The oxide 25 oxygens shown at 530.2, 531.8, and 533.9 eV are due to carboxylate oxygens bonded to metal ions ( Figure 10C ). The presence of C 1s at 288.2 and 289.6 eV corresponds to carboxylate carbons ( Figure 10D) .
In an Ag@citrate-Pb(II) interaction, the peak of Pb 4f 7/2 at 138.6 eV can be assigned to PbO, 40 and the high binding energy peak at 141.3 eV may be due to its interaction with carboxylic groups of citrate ( Figure 11A ). The presence of metallic silver 27, 28 (Ag 3d 5/2 at 368.2 eV) and silver bonded to the protecting agent 28, 29 (369.2 eV) can be seen in Figure 11B . The oxide 25 oxygen was seen at 530.3 eV, and that at 532.9 eV may be due to carboxylate oxygens bonded to metal ions ( Figure  11C ). The carboxylate carbons in different chemical environments were observed at 288.3, 290.2, and 291.7 eV ( Figure  11D ).
In Ag@MSA-Cd(II) interaction, the peak of Cd 3d 5/2 at 405.5 eV can be attributed to CdO or CdS, 41 and that at 407.2 (( 0.2) eV is due to the interaction with carboxylate groups of MSA ( Figure 12A ). The peak of S 2p 3/2 at 162.2 eV is assigned to bound sulfur to the nanoparticles or sulfide of cadmium, 41 and that at 164.0 (( 0.3) eV corresponds to disulfides. 36 The formation of oxidized sulfur 41 (sulfate) at 168.2 eV was observed in the 10 ppm reaction ( Figure 12B ). This may be due to aerial oxidation, while we kept the samples for drying prior to analysis or X-ray induced damage. 31 The presence of metallic silver 27, 28 (Ag 3d 5/2 ) at 368.2 eV and silver bonded to the protecting agent 28, 29 at 369.3 eV can be seen in Figure 12C . The C 1s peaks at 288.5 and 290.3 eV correspond to carboxylate carbons in different chemical environments ( Figure 12D ). The O 1s spectra are shown in Figure S29 (SI). The peak at 529.7 (( 0.3) eV corresponds to oxide, 25 and those at 532.6 and 534.0 eV may be due to carboxylate oxygens bonded to metal ions.
In the case of Ag@MSA interaction with Pb(II), the peaks of Pb 4f 7/2 at 138.8 eV are due to lead sulfides, 42 and the other high binding energy peak at 140.4 (( 0.2) eV may be due to the interaction of carboxylic groups of MSA with Pb(II) ions ( Figure 13A ). In Figure 13B , the peak at 162.4 eV is assigned to bound sulfur, 30 and in 10 ppm reaction, S 2p 3/2 at 164.3 eV may be due to disulfides. 36 The peaks at 166.6 (( 0.2) eV are due to sulfite formation. The metallic silver 27, 28 (Ag 3d 5/2 at 368.3 (( 0.2) eV) and silver bonded to the protecting agent 28, 29 (369.5 (( 0.3) eV) are also seen in Figure 13C . The C 1s peaks at 288.4 and 289.7 eV correspond to the carboxylate groups in different chemical environments ( Figure 13D ). The O 1s peak is shown in Figure S30 (SI). The peak at 529.6 (( 0.4) eV is due to oxide, 25 and that at 533.0 (( 0.4) eV is due to oxygens of carboxylate bonded to metal ions.
Electrochemical Reason for the Reduction of Metal Ions. The standard reduction potentials of Hg(II), Hg(I), Pb(II), and Cd(II) are as follows: 
